NEXCERA is a machinable and highly polishable ceramic with attractive properties for use in precision instruments, in particular because its coefficient of thermal expansion exhibits a zero crossing at room temperature. We performed an accurate measurement of the long-term drift of the length of a 12 cm long NEXCERA block by using it as a spacer of a high-finesse optical cavity.
I. INTRODUCTION
Materials with ultra-low thermal expansion and high long-term dimensional stability are highly desirable in the field of precision instruments and metrology. Two well-known examples are ULE (ultra-low expansion glass) from Corning, Inc. and Zerodur from Schott AG. Both ULE and Zerodur have a small coefficient of thermal expansion α, quoted as 0 ± 0.03 × 10 −6 /K in the range 278 K -308 K [2] , and 0 ± 0.006 × 10 −6 /K in the range 273 K -323 K [1] , respectively. The long-term dimensional stability of materials has been the subject of many studies, e.g. [4, 9] . For ULE, values of the fractional length drift rate L −1 d∆L/dt ≈ −2.5 × 10 −8 yr −1 have been reported [15] , as well as significantly lower ones, −0.4 × 10 −8 yr −1 [12] . Zerodur has a relatively large dimensional instability, −0.1 × 10 −6 to −0.2 × 10 −6 yr −1 , [13, 15] , making it less suitable for applications requiring extreme long-term stability.
A relatively recent ultra-low thermal expansion ceramic, NEXCERA, developed by Krosaki Harima (Japan), is also a material of interest in instrumentation. NEXCERA can be produced with a thermal expansion coefficient |α| < 0.03 × 10 −6 /K at 23 • C. The Young's modulus, 140 GPa, is higher than that of both ULE (67.6 GPa) and Zerodur (90.3 GPa). NEXCERA's bulk density, 2.58 g/cm 3 , is comparable to Zerodur (2.53 g/cm 3 ) but moderately higher than ULE's (2.21 g/cm 3 ).
The first characterization of the dimensional stability of NEXCERA was recently reported by
Takahashi [14] . Length measurements of line scales made from NEXCERA showed that the ceramic has good long-term dimensional stability. The fractional length change δ L/L over a time interval of 13 months was determined as (1.1 ± 1.1) × 10 −8 (2σ error) [14] , which is consistent with zero length change. On fundamental grounds and for extremely demanding applications it is desirable to determine the dimensional stability of NEXCERA more precisely. This was the purpose of the present work.
An extremely sensitive method for determining the long-term dimensional stability of a material consists of manufacturing the material into a spacer for an optical cavity. One of the mode frequencies of such a cavity is then measured repeatedly against an atomic frequency standard.
For ULE, such measurements have been done in many laboratories world-wide. The lowest long-term linear drift rates L −1 d∆L/dt ≈ 5 × 10 −17 s −1 (0.15 × 10 −8 yr −1 ) have recently been found [6, 11] . A NEXCERA optical resonator has been realised by Hosaka et. al. [7] . It consisted of a 75 mm long cylindrical NEXCERA spacer and a pair of ULE mirror substrates. The temperature at which the coefficient of thermal expansion of the resonator is zero (zero-CTE temperature), was found to be at T 0 = 16.4 ± 0.1 • C [7] . As an upper limit of the drift rate, L −1 |d∆L/dt| < 1.2 × 10 −7 yr −1 was given. This corresponds to a drift of the optical frequency of 1 Hz/s at 1.064 µm wavelength.
In this work, we present the first accurate measurement of the long-term drift of a NEXCERA N118C optical resonator, which is found to be non-zero.
This paper is structured as follows: the experimental setup is presented in Sec. II. The characterization of zero-CTE temperature and the characterization of the long-term drift of the NEXCERA resonator are discussed in Sec. III. We draw conclusions in Sec. IV.
II. EXPERIMENTAL SETUP
The NEXCERA sample we used (sample number N118C) was sintered in December 2015 and Fig . 3 shows the optical setup. The frequency of a particular TEM 00 mode of the resonator is interrogated by a Nd:YAG reference laser (frequency f laser ) which is stabilized in frequency to an independent ultra-stable ULE reference cavity [5] . With a fibre splitter, the light from the reference laser is split into two arms. One arm directs the light to an erbium-doped fibre-based frequency comb referenced to a hydrogen maser, while the other arm sends the light to the NEXCERA cavity.
The laser's frequency, as measured with the frequency comb, is determined from
where f rep is the frequency comb repetition rate, f beat is the frequency of the beat note between the selected mode of the frequency comb and the Nd:YAG laser, f offset is the comb carrier envelope offset frequency and n is the number of the frequency comb's mode. In our apparatus, f rep 250 MHz, f offset = 20 MHz, f beat = 50 MHz, n ≈ 1.126 × 10 6 . The sign of f offset is determined by a particular setting of the locking electronics. The frequency of the laser is first coarsely measured with a wavemeter and the measured value, f laser,w is used as a starting point for the more precise measurement with the frequency comb. The correct sign for f beat in Eqn. (1) The other part of the laser light that is transmitted through the NEXCERA cavity is split by a polarising beam splitter (PBS) and sent to a camera and a photodetector (PD) for measurement.
A half-wave plate (λ /2) is used for maximisation of the photodetector signal. Using a waveguide The determination of the Nd:YAG laser frequency and of the EOM drive frequency at which the resonator mode is maximally excited, f EOM,res , allows us to determine the absolute resonator frequency f res = f laser,av ± f EOM,res . The sign is chosen according to which of the two sidebands interrogates the resonator.
III. RESULTS AND DISCUSSION
A. Transmission signal measurement
An example of a frequency scan over the resonance is shown in Fig. 4 
B. Characterization of thermal expansion
In order to achieve an accurate characterization of the resonator's long-term frequency drift, we first determine its thermal time constant. The resonator was initially set to 20 • C. After the set temperature was changed to 19 • C, the resonator's frequency was repeatedly measured at intervals of 10 minutes. The result is shown in Fig. 5 . The thermal time constant is determined to be 2 × 10 4 s ≈ 5.6 hours, by fitting an exponential decay curve to the data. Since the thermal settling follows an exponential decay, we decided to perform measurements always 8 hours after the temperature change to allow for two measurements per workday and find the zero-CTE point within a reasonable time. The resonator frequencies f res (T ) at temperatures T between 16 • C and 29 • C were measured at intervals of 1 K or smaller, in order to obtain a precise determination of the zero-CTE temperature. Here, measurement of only f EOM is sufficient because the change in the resonator's frequency due to change in temperature is much larger than any drifts in the laser frequency. Fig. 6 shows the data. A quadratic fit to the data was performed, and the zero-CTE temperature was determined from the turning point of the fit function.
The zero-CTE temperature is found to be at T 0 = 22.9 ± 0.2 • C. Both our measurement and the result by Hosaka et. al. [7] , 16.4 • C, yield values near room temperature. From Fig. 7 , a quadratic function is fitted to the experimental data. The thermal expansion coefficient, α, i.e. the derivative of the fitted function is plotted inset. Our CTE temperature derivative, dα(T 0 )/dT =(7.58 ± 0.08)×10 −9 K −2 , is approximately 2 times larger than the value of Hosaka et al., (3.86 ± 0.03)×10 −9 K −2 .
The NEXCERA resonator temperature was maintained at its zero-CTE temperature value throughout the characterization of its long-term frequency drift.
C. Absolute frequency measurements
For the characterization of long-term frequency drift, the cavity interrogations and Nd:YAG laser frequency measurements were performed once per weekday. Laser frequency measurements and sideband frequency f EOM,res were both averaged over approximately 30 minutes, and the resonator frequency f res was computed from these time-averaged frequencies. The frequency change was then given by the difference between the resonator frequency relative to the initial frequency f res (0), i.e. ∆ f res (t) = f res (t) − f res (0). The initial frequency measurement was performed on 25 April 2017, 125 days after optical contacting. From linear fit to the data, we find d∆ f res /dt = (0.155 ± 0.001) Hz/s. The fit to the data was done excluding the green data points. These rates correspond to fractional frequency drift rates f res (0) −1 d∆ f res /dt = (5.50±0.04)×10 −16 /s. The error is statistical 1σ standard error; systematic errors due to the frequency measurement technique are negligible.
IV. DISCUSSION AND CONCLUSION
We have observed, and precisely measured, the drift of the frequency of a resonator comprising a NEXCERA spacer and a pair of high finesse ULE mirrors. We have found a nonzero drift rate. If we neglect a possible contribution of the optical contacts between the ULE mirror substrates and the NEXCERA spacer, we can assign this frequency drift to an equal but opposite length drift rate L −1 dL/dt = − f res (0) −1 d∆ f res /dt. Thus, we find a length contraction,
. This rate is of the same sign and comparable in magnitude to that of ULE resonators. Indeed, the drift rate of our own ULE-resonator stabilized Nd:YAG laser (see Fig. 3 ) amounted to f laser (0) −1 d∆ f laser /dt = (0.625±0.003)×10 −8 yr −1 .
The error of our NEXCERA drift rate measurement is approximately 0.01 × 10 −8 yr −1 , 50 times lower compared to the measurement in ref. [14] . To ensure that the long-term frequency drift measurement was not affected by the quality of the optical contacts, we tested them visually and mechanically after completion of the measurements. No conspicuous features were found.
Upon the completion of this work, an indepedent study on NEXCERA N117B has been published [8] , where a significantly lower drift, 4.9 mHz/s was measured at the wavelength of 1064 nm. The NEXCERA N118C, used in this work, and the N117B have similar chemical compositions and microstructures but are sintered in different atmospheres, i.e. the N117B is sintered in Argon atmosphere while N118C is sintered in air. In view of the differences in long-term drift between the materials, it is of interest to characterize more samples of these materials, in order to determine whether the observed drift rate difference is indeed a reproducible property.
Despite the difference in the measurement results of the long-term drifts for optical resonators made from different type of NEXCERA ceramic, NEXCERA, nevertheless, remains a promising material for applications in the field of laser frequency stabilization. For such applications, first proposed by Hosaka et al. [7] , NEXCERA has the potential advantages of larger ratio of Young's modulus to density, hence potentially lower acceleration sensitivity than ULE. Also, it can be produced in larger sizes (up to 1 m), potentially opening an avenue to lower thermal noise by increasing the resonator's length. The larger CTE temperature derivative compared to ULE can be compensated by advanced passive and active temperature stabilization.
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